Members of the transposase͞retroviral-integrase superfamily use a single active site to perform at least two reactions during transposition of a DNA transposon or a retroviral cDNA. They hydrolyze a DNA sequence at the end of the mobile DNA and then join this DNA end to a target DNA (a reaction called DNA strand transfer). Critical to understanding the mechanism of recombination is elucidating how these distinct reactions are orchestrated by the same active site. Here we find that DNA substrates terminating in a dideoxynucleotide allow Mu transposase to hydrolyze a target DNA, combining aspects of both natural reactions. Analyses of the sequence preferences for target hydrolysis and of the structure of the cleaved product indicate that this reaction is promoted by the active site in the conformation that normally promotes DNA strand transfer. Dissecting the DNA requirements for target hydrolysis reveals that the ribose of the last nucleotide of the Mu DNA activates transposase's catalytic potential, even when this residue is not a direct chemical participant. These findings provide insight into the molecular mechanism insuring that DNA strand transfer ordinarily occurs rather than inappropriate DNA cleavage. The required presence of the terminal nucleotide in the transposase active site creates a great advantage for the attached 3OH to serve as nucleophile.
Members of the transposase͞retroviral-integrase superfamily use a single active site to perform at least two reactions during transposition of a DNA transposon or a retroviral cDNA. They hydrolyze a DNA sequence at the end of the mobile DNA and then join this DNA end to a target DNA (a reaction called DNA strand transfer). Critical to understanding the mechanism of recombination is elucidating how these distinct reactions are orchestrated by the same active site. Here we find that DNA substrates terminating in a dideoxynucleotide allow Mu transposase to hydrolyze a target DNA, combining aspects of both natural reactions. Analyses of the sequence preferences for target hydrolysis and of the structure of the cleaved product indicate that this reaction is promoted by the active site in the conformation that normally promotes DNA strand transfer. Dissecting the DNA requirements for target hydrolysis reveals that the ribose of the last nucleotide of the Mu DNA activates transposase's catalytic potential, even when this residue is not a direct chemical participant. These findings provide insight into the molecular mechanism insuring that DNA strand transfer ordinarily occurs rather than inappropriate DNA cleavage. The required presence of the terminal nucleotide in the transposase active site creates a great advantage for the attached 3OH to serve as nucleophile.
T ransposases and retroviral integrases are unusual in that they use a single active site to perform multiple, distinct reactions in a defined order. The function of these proteins is to transport a transposon (or a retroviral cDNA) from one DNA location to another (Fig. 1A) . To do so, a transposase first cleaves the transposon ends away from the flanking DNA. Then, in a DNA strand-transfer reaction, transposase inserts these cleaved ends into the new DNA location, the transposition target (1, 2) . At the heart of the transposase active site are three conserved acidic residues, the DDE motif, which is essential for both cleavage and strand transfer (3) (4) (5) . A single transposase subunit contributes the DDE residues for cleavage and strand transfer of one transposon end (6, 7) . Although there are many other examples of proteins that catalyze multiple, processive reactions, transposases are unusual for doing so with a single active site. Thus, to understand transposition we must learn how the active site changes to promote each chemical reaction at its proper time and place.
To initiate transposition, the transposase assembles into multimeric complexes called transpososomes, which hold together both ends of the transposon DNA. For transposition of the genome of bacteriophage Mu, the transposase is the MuA protein. MuA assembles into a homotetramer when bound to specific recognition sequences near the ends of the Mu DNA (8, 9) . Short DNA fragments containing two transposase recognition sites also trigger transpososome assembly. In that case, the MuA tetramer in the transpososome pairs two DNA fragments, mimicking pairing of the two ends of the transposon DNA (10) . The DNA cleavage site is 5 bp beyond the terminal recognition site, and has the sequence 5Ј(T͞A)CA2. The terminal 3Ј nucleotide at the end of the Mu DNA is therefore adenosine.
Although the two reactions performed by transposase are distinct, they are chemically related (Fig. 1 A) . Both are one-step substitutions of the oxygen groups on a DNA phosphate (11, 12) . The major differences between the two reactions are (i) the identity of the nucleophile, and (ii) the identity of the phosphate at the reaction center. The first reaction, Mu DNA cleavage, is a hydrolysis. A water molecule serves as nucleophile, and it attacks the phosphate 3Ј of the cleavage site adenosine, freeing a 3ЈOH at the end of the Mu DNA. The second reaction is a DNA transesterification. The newly generated Mu DNA 3ЈOH serves as nucleophile, attacking a phosphate in the target DNA; as a result the two DNAs are covalently joined.
In contrast to the sequence specificity of the cleavage reaction, nearly any sequence can be used as the target DNA. However, a preference for some sequences is observed (13, 14) , and a mismatched base pair is a highly preferred target (15) . During strand transfer, the two Mu ends attack phosphates that are precisely 5-bp apart on opposite strands of the target DNA (16, 17) . The result is similar to introduction of a staggered doublestrand break in the target, except that the transposon DNA is inserted at the break site (Fig. 1 A) . In fact, if the nucleophile at Abbreviations: ddA, 2Ј,3Ј-dideoxyadenosine; ddT, dideoxythymidine; no-A, DNA fragment missing 3Ј adenosine. ‡ To whom correspondence should be addressed. E-mail: tabaker@mit.edu. (B) Schematics of fragments used in this study. DNA fragments were constructed by using the sequence of the last 50 bp from the right end of the Mu genome. Gray boxes represent MuA recognition sites (specifically R1 and R2 sites). The pentagon represents an abasic nucleotide. For complete fragment sequences see Supporting Materials and Methods, which is published as supporting information on the PNAS web site, www.pnas.org.
the strand-transfer step were a water molecule, as it is during the cleavage step, the target DNA would simply be cleaved on both strands.
Here we report that MuA transposase can, under special conditions, cleave the target DNA. This activity appears to be promoted by the active site in its strand-transfer configuration, when it mistakenly chooses water as the attacking nucleophile. Analysis of this hybrid reaction reveals that the terminal adenosine on the Mu DNA serves to activate catalysis, even though it is not a direct participant in the reaction chemistry of target cleavage. This finding provides insight into the molecular mechanism that normally insures that DNA strand transfer occurs rather than target cleavage. The nucleophile for strand transfer is the 3ЈOH of the terminal adenosine, and its required presence in the MuA activate site prevents the use of alternative nucleophiles.
Materials and Methods
Dideoxy Fragments. The dideoxy fragments were synthesized one nucleotide short on the 3Ј ends of the ''transferred'' strand. After annealing to a full-length compliment, the duplex was treated with the Klenow fragment of DNA polymerase (exoϪ) and either (dideoxy) ddATP or ddTTP. The DNA was boiled and cooled to room temperature, to inactivate Klenow and reanneal the fragments. We analyzed three independent 2Ј,3Ј-dideoxyadenosine (ddA) DNA fragment preparations on a sequencing gel, and found that 63%, 65%, and 67% of the fragment had been successfully converted to ddA. Therefore, for the strand-transfer reaction shown in Fig. 3B , we used only 65% precleaved fragment and 35% (DNA fragment missing 3Ј terminal adenosine) no-A fragment, mimicking the conditions in reactions with ddA fragments.
The ''nontransferred'' strand contained a 4-nt 5Ј overhang, but the Klenow treatment caused it to be shortened by 2 nt. Any fragment that we compared with a dideoxy fragment was therefore also treated with the Klenow fragment of DNA polymerase, in the absence of NTPs. Transposition reactions were supplemented with dideoxynucleotide to maintain a constant composition across an experiment (final concentration of 1.2 M nt).
Transposition Reactions. Reactions were performed as described (18), except that target concentrations were 5 nM, fragment concentrations were 50 nM, and MuA concentrations were 50 nM. Products were analyzed by agarose gel (see Supporting Materials and Methods for more details).
To generate Fig. 4B and to test the activity of MuA mutants used in Fig. 2B , fragments were 5Ј radiolabeled on the transferred strand. Transpososomes were formed as described in the legend to Fig. 4B , and loaded directly onto a 2% MetaPhor (Cambrex, Rockland, ME) agarose gel in 0.5ϫ TBE buffer. The gel and the running buffer each contained 1 g͞ml heparin.
Transpososome preassembly was performed in two ways. For the experiments shown in Figs. 3B and 4C, transpososomes were assembled for 90 min in the absence of target DNA and magnesium. The time course was initiated with target DNA and 10 mM MgCl 2 . For the experiments shown in Fig. 4 A and B, transpososomes were assembled overnight, in the absence of only the target DNA. The next day, an additional 50 nM MuA (to compensate for activity loss during the long assembly) was added along with target DNA to initiate the time course. The longer incubation was used to allow transpososomes to assemble on dideoxythymidine (ddT) fragments, which do not support rapid assembly (data not shown). This long assembly time was not necessary for ddA or no-A fragments and experiments with shorter assembly times yielded the same qualitative conclusions described in the text. Results Dideoxy End-Fragments Support Target Cleavage by MuA. We constructed DNA fragments containing the sequence of a cleaved Mu DNA end, but terminating in ddA so that they could not participate in DNA strand transfer (Fig. 1B) . Incubation of these ''ddA fragments'' with transposase and a circular target DNA converted the target to a linear form. The electrophoretic mobility of the product was the same as that of the linearized target in any of several running buffers (Fig. 2 A and data not  shown) . The product was susceptible to digestion with exonuclease V or -exonuclease (data not shown), both of which specifically act on linear DNA. In contrast to reactions with normal strand-transfer DNA fragments, the ddA fragments were not joined to the target DNA. This finding was reflected by a slightly faster electrophoretic mobility of the ddA products compared with strand-transfer products (Fig. 2 A) . The result was confirmed by radiolabeling the Mu DNA fragments. In reactions with strand-transfer fragments, the linear product became radiolabeled, whereas with ddA fragments it did not (data not shown). Thus, the ddA Mu DNA fragments cause transposase to cleave the target DNA instead of promoting strand transfer.
This target cleavage carried the DNA-sequence requirements of the normal strand-transfer reaction. It required a complete Mu DNA-end fragment; a DNA fragment 1 nt shorter on the 3Ј strand (no-A fragment, Fig. 1B ) supported substantially less target cleavage (Fig. 2 A, lane 4 ). There were also no obvious sequence requirements within the target DNA. pUC19 (Fig. 2 A) or X174 RFI (Fig. 2B) were both suitable targets, and the target was cleaved at many different sites (data not shown). Together, these results reveal that transposase can introduce a double-strand break in a DNA molecule, by a process that is similar to the normal strand-transfer reaction. Most likely, the ddA fragments arrange the MuA active site to perform strand transfer, and in the absence of the 3ЈOH, a water molecule enters the active site and serves as the attacking nucleophile. The ddA fragment also caused single-strand nicking of the target DNA ( Fig. 2 A and B and data not shown) . This nicking activity may be analogous to the single-end strand-transfer events commonly observed in fragment-based strand-transfer assays (7). We did not further characterize the nicked target-cleavage products, and throughout this study we quantified only double-strand events.
Target Cleavage Occurs in the Strand-Transfer Active Site. The DDE residues coordinate divalent metal ions in the transposase active site (19) . Mutations in these residues abolished target cleavage (Fig. 2B) without perturbing transpososome assembly (data not shown; refs. 3 and 7). These results strongly suggest that target cleavage occurs in the same active site as Mu DNA cleavage and strand transfer. Target cleavage, like Mu DNA cleavage and strand transfer, required the presence of divalent metal ions (data not shown). Although we used magnesium in our reactions, manganese worked comparably well (data not shown).
To test whether the active site was in a strand-transfer configuration during target cleavage, we asked whether target cleavage, like strand transfer (15), would prefer a mismatched base pair as a target site. We constructed two types of DNA fragments to be used as target DNAs. These two 76-bp fragments contained sequences unrelated to Mu-end sequences, but identical to one another, except that one contained a mismatched base pair near the center of the fragment, while the other was correctly base-paired. Target cleavage and strand transfer were performed in parallel, into each type of target DNA fragment (Fig. 2C) . Both reactions showed a clear preference for the mismatched site, strengthening the conclusion that target cleavage and strand transfer require similar configurations of the MuA active site.
Strand-Transfer Substrates Do Not Support Target Cleavage. We designed a sensitive assay to investigate whether target cleavage occurred with the normal strand-transfer fragments. Recall that strand transfer occurs into sites 5-bp apart, on opposite strands of the target DNA (Fig. 1 A) . If target cleavage uses the same mechanism, as we propose it does, the target cleavage products will contain complementary 5Ј overhangs and thus be excellent substrates for ligation. (Imagine water molecules substituting for the 3ЈOHs in the strand-transfer step of Fig. 1 A. ) To test for ligation efficiency, products of reactions with either ddA fragments or strand-transfer fragments were 5Ј radiolabeled, and were then lightly treated with T4 DNA ligase. The linear products of reactions with ddA fragments were efficiently ligated (Fig. 3A) , confirming that these products contained complementary 5ЈP and 3ЈOH termini. By contrast, the products generated with strand-transfer substrates were not ligated. Quantitation revealed at least 35 times more strand-transfer product than target cleavage product in the strand-transfer reactions. As the strand-transfer fragments and target cleavage fragments differed only by the presence or absence of the terminal 3ЈOH, these results indicate that the presence of this functional group precludes hydrolysis of the target DNA.
Strand Transfer Is Faster than Target Cleavage. We next compared the independent rates of target cleavage and strand transfer (Fig.  3B ). Transpososomes were assembled in the absence of magne- Because the target cleavage products contain 5Ј overhangs and the strand-transfer products do not, target cleavage products are more readily ligatable. Only ddA fragments produced ligatable product. ST, strand transfer. (B) Strand transfer is faster than target cleavage. Transpososomes were assembled for 2.5 h in the absence of target DNA and magnesium; these components were added at time 0. The data were taken from analysis of gels like the one shown in Fig. 2 A, and the graph shows the percent target converted to linear product over time.
sium and target DNA, by using either strand-transfer fragments or ddA fragments. After addition of target DNA and magnesium, samples were removed to assay for the appearance of linear product. In three independent experiments, target cleavage occurred with an initial rate between four and nine times slower (averaging seven times slower) than the initial strand-transfer rate.
This rate difference may be attributable to the fact that the 3ЈOH, the nucleophile for strand transfer, is an integral component of the transpososome, allowing it to be present at a high local concentration in the transposase active site. By contrast, the nucleophile for target cleavage must be recruited from solution. In addition, transpososomes with the ddA fragments may be compromised in their ability to bind divalent metal ions and͞or target DNA at the active site because of missing interactions with the 3ЈOH. Regardless, a 7-fold rate difference alone is not sufficient to explain why target cleavage is completely undetectable in reactions with strand-transfer substrates (Fig. 3A) . Thus, additional factors must also preclude hydrolysis during normal strand transfer. For example, the presence of the 3Ј-OH may prevent access of a water molecule to the active site.
The Mu DNA Cleavage Site Strongly Stimulates Target Cleavage. In our initial characterization of the target-cleavage reaction, we found that ddA fragments were much more active than fragments that lack the terminal adenosine ( Fig. 2 A) . Thus, the terminal adenosine appears to help activate transposase to perform target cleavage. To explore this activation further, we conducted long time courses with truncated end fragments (Fig.  4A) . Eventually, no-A fragments could be seen to support target cleavage, but, depending on the assembly conditions used, the reaction was 5-20 times slower than that supported by the ddA substrate. ‡ Fragments missing the entire DNA cleavage site (5 bp) supported no detectable target cleavage above a background observed in the absence of any Mu DNA sequences (Fig. 2 A,  lane 5 ), even after a 3-day incubation. Previous studies established that these no-cleavage-site fragments support transpososome assembly (20) . These results show that: (i) the terminal adenosine activates transposase, but is not absolutely required for activity, and (ii) the terminal 5 bp further activate.
The activation seen by the terminal adenosine is not simply a result of improved transpososome stability. Over a 6-h period, the number of transpososomes was similar whether the Mu fragment was ddA or no-A (Fig. 4B) . Because no-A fragments form stable transpososomes, but these transpososomes are relatively inactive for target cleavage, the contribution of the terminal adenosine must be at the level of catalysis rather than transpososome stability. Based on this observation, we propose that the terminal adenosine is an important structural component of the active site.
It is impossible to directly establish a similar structural role for the terminal adenosine during Mu DNA cleavage or strand transfer, because removal of this nucleotide eliminates these reactions. However, because our results indicate that target cleavage occurs in the normal strand-transfer active site, we suggest that this structural requirement also contributes to the strand-transfer reaction. To dissect the requirements for activation by the terminal nucleotide, we constructed ddT fragments; the dT⅐ddA base pair present in the substrates used above was replaced with dA⅐ddT (Fig. 1B) . This ddT fragment was assessed for its ability to ‡ In this long time course, both the ddA fragment and the no-A fragment participated in some strand transfer, but in both cases the target cleavage product was at least 20-fold more abundant than the strand-transfer product.
Fig. 4. The terminal nucleotide of the transposon activates transposase. (A)
Features of the terminal nucleotide important for activation. Transpososomes were assembled overnight before initiating the time course. Reaction rates with the ddT fragment were more variable than with other fragments used in this article, presumably because of its deficiency during transpososome assembly. The average of five independent experiments revealed that the rate of the ddT reaction was not significantly different from the rate of the ddA reaction. No CS, no cleavage site. (B) The no-A fragment forms stable transpososomes. Transpososomes were assembled under conditions identical to those used for A, except that the fragments were radiolabeled. The next day, a short target fragment (sequence unrelated to Mu DNA) was added to the same base pair concentration as the target DNA used for for A. The presence of transpososomes was assayed by agarose gel. The gels contained heparin to remove unstable protein-DNA complexes. In the absence of heparin more complexes were visible, but there was still no distinction between experiments with ddA fragments and those with no-A fragments (data not shown). (C) The adenine base of the terminal nucleotide is not a critical feature for strand transfer. Transpososomes were assembled as for Fig. 3B . The abasic fragment terminates on the transferred strand with a deoxynucleotide that does not contain a base. ST, strand transfer. support target cleavage. We expected that this substitution would compromise transpososome assembly (20) (21) (22) , so transpososomes were preassembled in the absence of target DNA. After this assembly period, ddT fragments catalyzed target cleavage at a rate similar to that supported by ddA fragments (Fig. 4A ). ddC fragments, in which the dT⅐ddA was replaced with dG⅐ddC, also efficiently supported target cleavage (data not shown). These results suggest that an adenine base per se is not required to activate transposase.
A likely possibility is that the terminal ribose is the critical feature of the terminal nucleotide. To test this idea, we constructed end fragments that terminated in an abasic site; that is, they contained the terminal ribose and its 3Ј OH, but were missing the adenine base. These abasic fragments efficiently participated in strand transfer (Fig. 4C) . Their strand-transfer rate was approximately half that seen with normal ST fragments, but this rate difference is small compared with the effect of the removal of the entire nucleotide (Fig. 4A, compare ddA to no-A  fragments) . Thus, we conclude that a terminal base is not critical for activating strand transfer, suggesting that the ribose (and͞or the attached 5Ј phosphate) is the critical activating feature of the terminal nucleotide.
Discussion
MuA Can Promote Hydrolysis Even When in a Strand-Transfer Configuration. A central question in studies of transposases is how one active site can promote two distinct reactions: DNA hydrolysis and DNA strand transfer. In this study, DNA fragments terminating in a dideoxynucleotide caused transposase-dependent double-strand breaks in a target DNA. This target DNA hydrolysis occurred when the transposase active site was in a strand-transfer configuration, as evidenced by the following observations: (i) the dominant targetcleavage product was a double-strand break, rather than the single-strand nick characteristic of Mu DNA cleavage; (ii) target cleavage, like strand transfer, showed a preference for a base pair mismatch as a target site; (iii) target cleavage produced DNA ends that were readily ligatable; and (iv) in a previous study (18), we characterized reactions in which the ''target'' DNA was cleaved as if it were Mu DNA. For those ''pseudo-Mu'' cleavage reactions, the MuA active site was in a cleavage conformation rather than a strand-transfer conformation. The reaction described here contrasts with pseudo-Mu cleavage in many ways. For example, pseudo-Mu cleavage was followed by joining of the cleaved DNA to a second target DNA molecule, and pseudo-Mu cleavage was inhibited by the concentrations of Mu DNA fragments used in this article.
The Terminal Nucleotide Activates Transposase. Our results show that the terminal nucleotide of the Mu DNA activates transposase during a target cleavage reaction. Because the terminal nucleotide is not required for transpososome assembly, it most likely acts locally by helping to establish the active geometry for the active site. Consistent with this conclusion is the fact that the 3Ј oxygen of this nucleotide is a direct participant in both reactions that normally occur in the transposase active site. It is the leaving group for Mu DNA cleavage, and the nucleophile for strand transfer. In the one cocrystal structure available for a transposase and a transposon DNA, the transposon's terminal nucleotides are deeply engaged near the active site (23) .
It is impossible to test experimentally how removal of the terminal nucleotide might affect the rate of the two normal reactions. However, as target cleavage is a variation of the strand-transfer reaction, it is likely that the terminal nucleotide also activates transposase for strand transfer. It is less clear whether the initial Mu DNA cleavage similarly relies on the terminal nucleotide, although it may, because cleavage and strand transfer occur in the same active site and mutations in the terminal nucleotide block Mu DNA cleavage (20) .
The Terminal Nucleotide, but Not the Terminal Base, Is Critical for Strand Transfer. This article and previous studies allow us to dissect the function of the terminal nucleotide of the Mu DNA (20) (21) (22) . Removal of the nucleotide does not compromise transpososome assembly or stability, but base-pair substitutions do compromise transpososome assembly and stability, as well as DNA cleavage. The requirements for strand transfer are essentially opposite of the requirements for transpososome assembly. Removing the nucleotide abolishes strand transfer both because it removes the substrate for strand transfer and because the ribose of the nucleotide activates catalysis, but base substitutions or removal of the terminal base are well tolerated.
The Terminal Nucleotide May Be a Central Feature of the Transposase Active Site. MuA transposase is part of a family of proteins that share a common fold and perform 3Ј cleavage and strandtransfer reactions at the ends of transposon DNA. Some family members also perform additional reactions. For example, the transposases of the Tn10 family of elements cleave the transposon's 5Ј end, in a two-step reaction involving a DNA ''hairpin'' intermediate. After 3Ј cleavage, the transposon DNA's 3ЈOH attacks the opposite DNA strand to form a hairpin, and then the hairpin is resolved by hydrolysis (24, 25) .
Based on experiments with Tn10, a model has been proposed for the movement of DNA substrates in and out of a transposase active site (26) . According to this model, the transposon's terminal nucleotide is held in one position in the active site throughout the transposition process. The water nucleophile, the DNA flanking the transposon, and the target DNA move in and out of the active site as they are needed, positioning themselves with respect to the terminal nucleotide. This model is appealing for several reasons, including the fact that the terminal nucleotide is the only DNA component that is involved in all of the reactions performed by a transposase: transposon cleavage, hairpin formation, hairpin resolution, and strand transfer. Our data fit well with this model. We suggest that the terminal nucleotide remains in one position throughout the reactions and is required to establish the functional conformation of the active site.
Transposase Uses the Most Convenient Nucleophile. The requirement for the terminal nucleotide to organize the MuA active site helps explain how target cleavage is avoided in nature, because we also find that the presence of the 3ЈOH of this nucleotide inhibits target cleavage. The inhibition is in part because the strand-transfer reaction is faster than the target cleavage reaction. In addition, we suggest that the terminal 3Ј-OH excludes the possibility of a water molecule occupying the correct location in the active site to serve as the nucleophile.
Our results are consistent with studies of Tn10 and Tn5 sequences that terminate with a 3Ј dideoxynucleotide, and therefore cannot form a hairpin. A water molecule apparently substitutes for the 3ЈOH, and the transposon's 5Ј strand is slowly hydrolyzed. These results show that the transposase active site is able to accommodate a water nucleophile if the proper 3ЈOH nucleophile is removed, suggesting that the presence of the 3ЈOH prevents inappropriate cleavages (24, 25) .
Retroviral Integrases Are Promiscuous in Vitro. Unlike transposases, retroviral integrases have been previously shown to catalyze sequence-independent cleavage reactions: both hydrolysis and alcoholysis (27) . Retroviral integrases are structurally and functionally related to transposases (28) . Integrases ordinarily cleave a few nucleotides from the 3Ј end of retroviral cDNA and then join the cleaved strand to a target DNA. However, in the absence of a retroviral DNA substrate, some integrases are able to cleave other DNA molecules. This nonspecific cleavage can occur at many positions on the DNA molecule, distinguishing it from the natural cleavage reaction, which occurs at a precise position near the ends of the retroviral cDNA (27) . Unlike the target cleavages described here, nonspecific cleavage by integrases does not require activation by the retroviral DNA. We can never rule out the possibility that, under some as-yet unidentified in vitro condition, transposases are likewise active in the absence of transposon sequences. However, it is consistent with other known differences between the two protein families that integrases can be active in the absence of retroviral DNA, whereas transposases may always require transposon sequences to activate them. To date, transposases are only found to be active in the context of a transpososome, which includes two DNA ends, and transpososome assembly is highly dependent on the transposon-DNA sequence (29) . By contrast, integrases function in vitro on single DNA ends (30) . In vivo, integrases, like transposases, must function in synaptic complexes (31, 32) and, presumably, do not promote random hydrolysis of their host DNA. But in vitro, the success of a transposase or integrase at avoiding target cleavage may depend on how stringently the activity of the protein is controlled by the proper DNA-end sequence. If the protein absolutely requires its DNA-end sequences for reactivity, the 3ЈOH at the DNA ends will inhibit target cleavage. This observation highlights the regulatory importance of the transpososome superstructure, a protein-DNA complex whose existence depends on transposon-end sequences.
